The tumor suppressor protein p53 displays 3 0 -5 0 exonuclease activity and can provide a proofreading function for DNA polymerases. Reverse transcriptase (RT) of human immunodeficiency virus (HIV)-1 is responsible for the conversion of the viral genomic ssRNA into the proviral DNA in the cytoplasm. The relatively low fidelity of HIV-1 RT was implicated as a dominant factor contributing to the genetic variability of the virus. The lack of intrinsic 3 0 -5 0 exonuclease activity, the formation of 3 0 -mispaired DNA and the subsequent extension of this DNA were shown to be determinants for the low fidelity of HIV-1 RT. It was of interest to analyse whether the cytoplasmic proteins may affect the accuracy of DNA synthesis by RT. We investigated the fidelity of DNA synthesis by HIV-1 RT with and without exonucleolytic proofreading provided by cytoplasmic fraction of LCC2 cells expressing high level of wild-type functional p53. Two basic features related to fidelity of DNA synthesis were studied: the misinsertion and mispair extension. The misincorporation of noncomplementary deoxynucleotides into nascent DNA and subsequent mispair extension by HIV-1 RT were substantially decreased in the presence of cytoplasmic fraction of LCC2 cells with both RNA/DNA and DNA/DNA template-primers with the same target sequence. The mispair extension frequencies obtained with the HIV-1 RT in the presence of cytoplasmic fraction of LCC2 cells were significantly lower (about 2.8-15-fold) than those detected with the purified enzyme. In addition, the productive interaction between polymerization (by HIV-1 RT) and exonuclease (by p53 in cytoplasm) activities was observed; p53 preferentially hydrolyses mispaired 3 0 -termini, permitting subsequent extension of the correctly paired 3 0 -terminus by HIV-1 RT. The data suggest that p53 in cytoplasm may affect the accuracy of DNA replication and the mutation spectra of HIV-1 RT by acting as an external proofreader. Furthermore, the decrease in error-prone DNA synthesis with RT in the presence of external exonuclease, provided by cytoplasmic p53, may partially account for lower mutation rate of HIV-1 observed in vivo.
The tumor suppressor protein p53 displays 3 0 -5 0 exonuclease activity and can provide a proofreading function for DNA polymerases. Reverse transcriptase (RT) of human immunodeficiency virus (HIV)-1 is responsible for the conversion of the viral genomic ssRNA into the proviral DNA in the cytoplasm. The relatively low fidelity of HIV-1 RT was implicated as a dominant factor contributing to the genetic variability of the virus. The lack of intrinsic 3 0 -5 0 exonuclease activity, the formation of 3 0 -mispaired DNA and the subsequent extension of this DNA were shown to be determinants for the low fidelity of HIV-1 RT. It was of interest to analyse whether the cytoplasmic proteins may affect the accuracy of DNA synthesis by RT. We investigated the fidelity of DNA synthesis by HIV-1 RT with and without exonucleolytic proofreading provided by cytoplasmic fraction of LCC2 cells expressing high level of wild-type functional p53. Two basic features related to fidelity of DNA synthesis were studied: the misinsertion and mispair extension. The misincorporation of noncomplementary deoxynucleotides into nascent DNA and subsequent mispair extension by HIV-1 RT were substantially decreased in the presence of cytoplasmic fraction of LCC2 cells with both RNA/DNA and DNA/DNA template-primers with the same target sequence. The mispair extension frequencies obtained with the HIV-1 RT in the presence of cytoplasmic fraction of LCC2 cells were significantly lower (about 2.8-15-fold) than those detected with the purified enzyme. In addition, the productive interaction between polymerization (by HIV-1 RT) and exonuclease (by p53 in cytoplasm) activities was observed; p53 preferentially hydrolyses mispaired 3 0 -termini, permitting subsequent extension of the correctly paired 3 0 -terminus by HIV-1 RT. The data suggest that p53 in cytoplasm may affect the accuracy of DNA replication and the mutation spectra of HIV-1 RT by acting as an external proofreader. Furthermore, the decrease in error-prone DNA synthesis with RT in the presence of external exonuclease, provided by cytoplasmic p53, may partially account for lower mutation rate of HIV-1 observed in vivo.
Introduction
The tumor suppressor protein p53 plays an important role in maintaining genetic integrity (Lane, 1992; Prives and Hall, 1999) . P53 protein expression is low in normal cells, but increases in response to DNA damage and cellular distress signals (Soussi, 2000) . The high levels of functional p53 can induce either cell cycle arrest or apoptosis through transcriptional regulation of several genes including the cell cycle inhibitor p21, DNA repair gene GADD45 and the apoptotic inducer Bax (Prives and Hall, 1999) . Various biochemical activities of p53 related to direct involvement in DNA repair are associated with nonsequence specific binding to DNA. The transactivation-independent functions of p53 include DNA repair through nonsequence-specific DNA binding, for example, nucleotide excision repair (NER) (Hwang et al., 1999) and base excision repair (BER) (Offer et al., 2001 ) and 3 0 -5 0 exonuclease activity (Mummenbrauer et al., 1996; Albrechtsen et al., 1999; Shakked et al., 2002) . It has been proposed that the p53, as a guardian of the genome, could participate in DNArepair processes. Namely, recombinant wild-type (wt) p53 can proofread for various exonuclease-deficient cellular and viral DNA polymerases (e.g. DNA polymerase a, DNA polymerase a-primase, murine leukemia virus (MLV) or human immunodeficiency virus (HIV)-1 reverse transcriptase (RT)) and enhance the accuracy of DNA synthesis by excising incorrectly polymerized nucleotides (Huang 1998; Bakhanashvili, 2001a, b; Mell and Nasheuer, 2002) . It is highly efficient in removing a 3 0 -terminal mismatch from RNA/DNA and DNA/DNA temple-primers in the direct exonuclease assay, when first binding to a 3 0 -terminus and during ongoing DNA synthesis in vitro with both template-primers (Huang, 1998; Skalski et al., 2000; Bakhanashvili, 2001b) . This activity provides a molecular basis for p53 involvement in DNA replication machinery complexes, thus contributing to the maintenance of genomic stability. p53 was found in the nucleus, the cytoplasm or both compartments of the cell. The localization of p53 in the nucleus is essential for its normal function in growth inhibition or induction of apoptosis (Prives and Hall, 1999) . Our previous studies revealed that p53 in the cytoplasm is also functional; it exerts 3 0 -5 0 exonuclease activity with identical biochemical functions characteristic for recombinant wtp53 (Lilling et al., 2003) . Furthermore, p53 in cytoplasm fulfils the requirements for proofreading function; acts coordinately with the exonuclease-deficient DNA polymerase, for example, MLV RT, to enhance the fidelity of DNA synthesis by excision of mismatched nucleotides from the nascent DNA strand with both RNA/DNA and DNA/DNA template-primers.
Increased p53 levels have been noted following infection of cells with various viruses: SV-40 (Oren et al., 1981) , adenovirus (Grand et al., 1994) , EpsteinBarr virus (Szekely et al., 1995) and HIV (Genini et al., 2001) . HIV, the etiological agent of acquired immunodefficiency syndrome (AIDS), exhibits exceptionally high mutation frequencies, which affect viral pathogenesis and resistance to drug therapy (Coffin, 1986; Katz and Skalska, 1990) . The replication of HIV is initiated by the reverse transcription of the plus single-stranded (ss) RNA genome into the double-stranded (ds) DNA in cytoplasm. The dsDNA is then integrated into the host cell chromosomal DNA in nucleus, where it is stably maintained as a provirus. Transcription of the provirus by cellular RNA polymerase II and packaging of the newly synthesized RNA into progeny virions complete the retroviral replication cycle. The high rates of mutation that occur during the conversion of the viral ssRNA to a dsDNA, catalysed by RT, is thought to play an important role in generating genomic diversity (Svarovskaia et al., 2003) . The accepted explanations for the inaccuracy of HIV-1 RT are the relatively low fidelity of the enzyme during both minus-strand (with an RNA template) and plus-strand (with a DNA template) DNA synthesis and the deficiency of intrinsic 3 0 -5 0 exonuclease activity, that is the mechanism to identify and excise incorrect nucleotide incorporation produced during proviral DNA synthesis (Perrino et al., 1989; Bakhanashvili and Hizi, 1992a, b; Menendez-Arias, 2002) . In general, excision of incorrectly polymerized nucleotides during DNA synthesis by 3 0 -5 0 proofreading exonucleases is an important mechanism to reduce the errors during DNA synthesis (Kunkel, 1988) . Proofreading can be carried out by either DNA polymerase-associated exonuclease (intramolecular pathway) or by external exonucleases being associated with a different polymerase molecule or with separate proteins (intermolecular pathway) (Shevelev and Hubscher, 2002) . The lack of intrinsic proofreading activity of HIV-1 RT, combined with delayed chain elongation of mispaired 3 0 -ends could provide the opportunity for a separate exonuclease to bind to the nascent DNA ends and excise the mispaired nucleotides. The p53 by associated 3 0 -5 0 exonuclease activity is a member of external proteins that may serve as proofreader. The fact that p53 in cytoplasm is reactive with both DNA/DNA and RNA/DNA suggests that it may functionally interact with substrates participating in reverse transcription process and that this cellular errorcorrection pathway may compensate for a lack of effective proofreading of HIV-1 RT-induced replication errors. Since HIV-1 RT is a critical enzyme in replication of the virus, knowledge of its fidelity with associated components is important to the understanding of HIV mutagenesis (Menendez-Arias, 2002; Svarovskaia et al., 2003) .
The interaction of HIV-1 RT and recombinant p53 was initially identified in vitro with purified recombinant p53 (Bakhanashvili, 2001b) . The purpose of the current study was to elucidate the potential involvement of cytoplasmic p53 in proofreading activities during dsDNA synthesis by HIV-1 RT and to evaluate the influence of p53 on the type of mutations generated. To test the proofreading hypothesis, we test here the accuracy of DNA synthesis catalysed by recombinant purified HIV-1 RT in the human replication apparatus, namely, in the presence of cytoplasmic extracts of nonstressed human breast cancer cells -LCC2, expressing wild-type functional p53.
The results demonstrate the increase in the fidelity of DNA synthesis by HIV-1 RT in the presence of p53-expressing cytoplasmic fraction of LCC2 cells. The data suggest that genetic variability of virus, correlated to the low fidelity of HIV-1 RT may be affected by external cellular p53 protein in cytoplasm.
Results
Two pathways contribute to base substitution errors: misincorporation and mispair extension. The accuracy of synthesis by DNA polymerases depends on the frequency of (i) incorporation of incorrect nucleotides into DNA and (ii) extension of the mismatched primer termini (Echols and Goodman, 1991) . In order to analyse the possible effect of p53 in cytoplasm on the accuracy of DNA synthesis, it was important to obtain active wtp53 protein at sufficient levels to demonstrate specific biochemical activity in an in vitro studies. The fact that wtp53 protein is short-lived and maintained at low levels in normal cells makes it difficult to use cytoplasmic extracts obtained from growing cells for the analysis of p53-associated activities. In most in vivo inducible systems, following external and internal stress signals, overexpression of p53 leads to apoptotic response, making it difficult to detect the DNA repair pathway that requires relatively low level of the protein.
HIV infection induces apoptosis in CD4 þ T cells. Hence, to elucidate the possible influence of cytoplasmic p53 on the fidelity of HIV-1 RT, we utilized LCC2 cells as the experimental model system. These cells have three main features that make it an excellent experimental system. First, cytoplasmic fraction of LCC2 cells expresses high levels of wtp53 (Figure 1 ) even without exogenous stimuli. Second, p53 in cytoplasm exerts 3 0 -5 0 exonuclease activity. Third, depletion of p53 from cytoplasmic extracts by anti-p53 monoclonal antibodies abolished the observed exonuclease activity (Lilling p53 in cytoplasm enhances the accuracy of HIV-1 RT M Bakhanashvili et al et al., 2003) . Our system included also cytoplasmic fraction of p53-null H1299 cells, as control. The completeness of the subcellular fractionation was determined by monitoring the distribution of proteins that have specific cellular distribution in cells. As evident in Figure 1 , PCNA, a nuclear marker protein, was predominantly nuclear, whereas b-tubulin, a commonly used cytoplasmic marker, was found exclusively in the cytoplasmic fraction. Thus, distribution of markers to their appropriate cellular fractions indicates the purity of fractions used in these experiments.
3
0 -DNA misinsertion by HIV-1 RT in the presence of cytoplasmic p53
Reverse transcription involves the synthesis of DNA using RNA and DNA templates to convert the plusstrand genomic RNA into dsDNA. Hence, it was interesting to elucidate the influence of cytoplasmic p53 on the fidelity of replication with both substrates. To this end, we have employed the gel kinetic assay that proved useful to analyse the effects of proofreading accessory factors from cell lysates on fidelity of DNA synthesis (Mendelman et al., 1990) . The insertional fidelity of HIV-1 RT was examined with both DNA/ DNA and RNA/DNA substrates using correctly paired running-start template-primer at fixed concentration of 0.5 mM dATP or standing-start template-primer (wherein the target-template residue immediately follows the 3 Apparently, RT readily incorporates mismatches and has the ability to continue primer elongation by extending some mismatches. The band visible at Watson-Crick base pair (18-mer) implies that a rapid correct incorporation of A's opposite T or U is followed by slower formation of the mispair. Conversely, the absence of a visible pause band at a mispair site (19-mer) illustrates the ease with which RT can elongate this mispair. The presence of products greater than 19-mer suggests that the mispairing event (G t :A) was followed by elongation. This reflects the ability of the enzyme not Figure 1 Subcellular localization of p53 protein in cytoplasmic and nuclear extracts. Cells were grown, harvested and nuclear and cytoplasmic fractions were obtained as described in Materials and methods. Equal amounts (10 mg) of nuclear (N) and cytoplasmic (C) fractions of LCC2 and H1299 cells were subjected to SDS-PAGE and tested for the appropriate antibodies. p53 protein expression was detected by the Do-1 anti-human p53 mAb. The distribution of the nuclear marker PCNA and the cytoplasmic marker b-tubulin was analysed to ascertain the purity of each fraction (to characterize nuclear and cytoplasmic fractions, respectively) . lanes 14-15 and 17-18) template-primers. Indeed, the decrease in the amount of X19-mer products (with running-start templateprimer) and 17-mer products (with standing-start template-primer) was observed and products lower than 16-mer were gradually formed. Apparently, the 3 0 -5 0 exonuclease activity in cytoplasmic fraction of LCC2 cells substantially reduced the number of mismatched nucleotides incorporated into DNA during both DDDP and RDDP reactions.
In control experiments, we verified that no decrease in misinsertional capacity (of either dATP or dGTP) was observed in the presence of cytoplasmic fraction of H1299 (p53-null) cells with DNA/DNA ( Figure 2a , lanes 10 and 12) and RNA/DNA templates (data not shown).
Elongation of 3
0 -mispaired DNA by HIV-1 RT in the presence of cytoplasmic p53
Extension of mismatched primers is a critical step in mutation fixation, since in the absence of efficient extension, the mismatched nucleotide can be excised by a proofreading exonuclease (Shevelev and Hubscher, 2002) . Remarkably, an important component of retroviral genetic variability may be attributable to the efficient mismatch extension during the copying of both RNA and DNA templates (Perrino et al., 1989; Bakhanashvili and Hizi, 1992a, b; 1993) . The influence of the p53 in the cytoplasm on the mispair extension capacity of HIV-1 RT was evaluated by analysing the extension of 3 0 mismatch-containing DNA/DNA and RNA/DNA template-primers. It was recently shown that HIV-1 RT binds 3 0 -terminal mismatched templateprimer to about the same extent (Bakhanashvili and Hizi, 1996) . Therefore, the ability of the enzyme to extend such template-primers was assessed with no incubation prior to the addition of dATP. The results for the mispair extension pattern during DNA polymerization in the presence of the next complementary dATP (as the only dNTP present-complementary nucleotide to the template base immediately downstream from the mispair) are shown in Figure 3 . Under assay conditions, the polymerase exhibited a characteristic mispair extension profile with DNA/DNA (Figure 3a, lanes 1-3) and RNA/DNA (Figure 3b , lanes 16-18) template-primers, both standing start. Indeed, the extension from the preformed mispairs (A:A, A:C and A:G) with HIV-1 RT alone is shown by elongation of the 16-mer primers to 17-mer or greater with both substrates. It should be noted that the pattern of mispair extension from various 3 0 -termini by HIV-1 RT is different in spite of the fact that they share the same nucleotide sequence. The propensity of the enzyme to extend mispairs was most pronounced for purinepyrimidine A:C mispair. No reduction in mispair extension was observed in the presence of cytoplasmic fraction of H1299 (p53-null) cells (Figure 3a , lanes 4-6). No significant proofreading was observed with extracts from LCC2-parental cells MCF-7, expressing low level of cytoplasmic p53 (Figure 3a , 10-12) and MDA (MB-231) cells harboring mutant p53 (Figure 3a, (13) (14) (15) . In contrast, in the presence of cytoplasmic fraction of LCC2 cells, HIV-1 RT exhibits a reduced ability of extension of 3 0 mispaired termini; there was a significant decrease in the yield of the 17-mer mispair extension product and appearance of smaller (15-mer and 14-mer) (Figure 3a, lanes 7-9) . The extension from all three 3 0 -terminal mispairs tested was reduced in the presence of cytoplasmic fraction of LCC2 cells in dose-dependent manner (data not shown). The experiments described in Figures 3b, lanes 19-21 , depict that the p53 protein from cytoplasmic fraction of LCC2 cells similarly affected the mispair extension capacity of HIV-1 RT during the RNA-dependent DNA polymerization step as well.
These assays provide a qualitative indication of the mispair extension by HIV-1 RT in the presence of saturating concentrations of a single nucleotide-dATP. Notably, a comparable pattern of reduction in the mispair extension, with both DNA and RNA substrates used, was observed in the presence of cytoplasmic fraction of LCC2 cells. Consequently, we have elected to use DNA template for a further quantitative comparison. In order to quantitatively test the contribution of exonucleolytic proofreading to the fidelity of DNA synthesis, we carried out dose-response experiments using DNA/DNA template-primers with various 3 0 -terminal mispair, for detailed investigation of the kinetic parameters governing the mispair extension frequency by HIV-1 RT in the absence (Figure 4a ) or presence of a fixed concentration of cytoplasmic fraction of LCC2 cells (Figure 4b ). We determined extension rates (V ¼ percentage of primer extended/min) as a function of dATP concentrations for A:A, A:G or A:C mispair. The kinetic parameters are summarized for each mispair in Table 1 . The ratio of mispair extension efficiency of HIV-1 RT in the presence of cytoplasmic p53 relative to that of the enzyme alone, demonstrates that the presence of cytoplasmic p53 decreased the efficiency of mispair extension of the purified RT by factors ranging from about 2.8-fold for the A:C mismatch to 15-fold for the A:G mispair.
Two variables might affect the efficiency of excision from the mispair (Goodman and Fygenson, 1998) . First, one hallmark of proofreading is the 'next-nucleotide effect'. The ratio of polymerase to exonuclease activity may be increased by increasing the concentration of dATP substrate in the reaction. A high concentration of dNTPs, which increases the rate of polymerization of the next correct nucleotide following the mispair, decreases the probability of excision. Indeed, comparing reactions using 0.05 mM versus 1 mM dATP (Figure 4) , the increase in mispair extension activity (by about fivefold) is concomitant with decrease in exonuclease activity (Table 2) . Since a decrease in accuracy of DNA synthesis with increasing next correct dNTP concentration is a well-established phenomena of proofreading, the observed dependence of fidelity of HIV-1 RT on dATP concentration implies that the 3 0 -5 0 exonuclease in cytoplasm might be effective in eliminating polymerase-catalysed base-substitution errors. This effect suggests a coordinated action of the p53-associated 3 0 -5 0 exonuclease in cytoplasm with HIV-1 RT during DNA synthesis. Second, the high ratio of polymerase to exonuclease at the constant dNTP concentrations may reduce the fidelity of DNA synthesis. We carried out a competition assay in which various amount of cytoplasmic protein extract was added to a fixed concentration of HIV-1 RT ( Figure 5) . The results show the decrease in 3 0 -terminal mismatch excision and increase in 3 0 -terminal mispair extension with lower amount of cytoplasmic protein fraction ( Figure 5, lanes 2 and 3) . The depletion of p53 protein from the cytoplasmic fraction following immunoprecipitation by Do-1 anti-p53 antibody is concomitant with marked decrease in exonuclease activity ( Figure 5 lane  4) . Thus, the fidelity of HIV-1 RT reduced at high ratio The kinetic K m and V max values were determined from Figure 4 , as described in Materials and methods. The relative extension frequencies are ratios of rate constant (V max /K m ) for the mispair divided by the corresponding rate constant for the paired A : T terminus. When the slopes were too low, the K m and V max values were not (ND) determined. Therefore, we assume that in these specific cases with A : G mispair, F ext values are below 1/ 300 000 p53 in cytoplasm enhances the accuracy of HIV-1 RT M Bakhanashvili et al of polymerase to exonuclease activity in the presence of cytoplasmic fraction of LCC2 cells.
The functional interaction between HIV-1 RT and cytoplasmic exonuclease Mismatch-containing DNA is an excellent model substrate for studying the functional cooperation between HIV-1 RT and exonuclease in cytoplasm. The relatively reduced forward polymerization by polymerase allows time for proofreading to occur, resulting in the excision of misinserted nucleotides. HIV-1 RT extends 3 0 -terminal mismatch-containing substrate in the presence of high concentration of next correct nucleotide. Therefore, the functional interaction between p53 from cytoplasmic fraction and HIV-1 RT was assessed in the presence of low dNTP concentration, to avoid the mispair extension by the enzyme without the contribution of external exonuclease. Obviously, no elongation products are detected by HIV-1 RT with A:C mismatchcontaining template-primers in reactions containing all four dNTPs at equimolar concentrations (1 mM) (Figure 6 lane 2) . However, when cytoplasmic extracts of LCC2 cells were included in the reactions, p53 by exonuclease activity probably acts concomitantly with HIV-1 RT; the enzyme was able to extend the primer, giving rise to the full-length copy of the template (Figure 6, lane 3) . Since the p53-associated exonuclease activity itself is not affected by the presence of dNTP (data not shown), elongation presumably occurs by initial hydrolysis of the terminally mispaired nucleotide by the p53, and subsequent extension from the new, correctly paired 3 0 -terminus by HIV-1 RT. Notably, the efficient extension of correctly paired template-primer by HIV-1 RT (Figure 6 . lane 5) was unaffected in the presence of cytoplasmic p53 ( Figure 6 . lane 6).
Discussion
The focus of our study was to test the hypothesis that the p53 in cytoplasm could influence the accuracy of DNA synthesis. The results obtained suggest that DNA synthesis by HIV-1 RT would be more accurate in the presence of exonucleolytic proofreading provided by cytoplasmic p53 than in its absence. Several lines of evidence show that p53 in cytoplasm has a marked impact on replication accuracy of HIV-1 RT: (a) HIV-1 RT exerts higher accuracy of DNA synthesis in the presence of cytoplasmic fraction of LCC2 cells accord- Primer extension or excision rates were determined from Figure 4b by measuring the radioactivity associated with the extension or excision products by densitometric analysis and were expressed as the percentage of the total input radioactivity (Figures 2 and 3) . The comparative data presented in Table 1 indicate that the mispair extension frequencies by HIV-1 RT from all mispairs analysed in the presence of cytoplasmic fraction of LCC2 cells were 2.8-15-fold lower than those by the recombinant enzyme alone; (b) the proofreading function in cytoplasm is attributed to p53, since the accuracy of HIV-1 RT was not affected by the presence of cytoplasmic extracts of H1299 (p53-null) or MDA (harboring mutant p53) cells ( Figure 3) ; (c) exonuclease activity decreases in reactions containing high concentration of next correct nucleotide (e.g. dATP) ( Table 2 ). The presence of a next-nucleotide effect is consistent with the suggestion that p53 in cytoplasm can contribute to the fidelity of HIV-1 RT; (d) the proofreading efficiency diminishes when increasing the ratio between polymerase/exonuclease ( Figure 5 ) and (e) HIV-1 RT and p53 in cytoplasm could act coordinately in order to establish an accurate replication reaction; p53-associated 3 0 -5 0 exonuclease proofreads during DNA synthesis by excising noncomplementary nucleotides prior to primer extension, which is efficiently utilized by HIV-1 RT ( Figure 6 ). It is highly likely that the accuracy of DNA synthesis by HIV-1 RT reflects complex interactions between the parameters of the catalytic 'triad' involved in DNA polymerization: DNA polymerase, proofreading exonucleases (fidelity-enhancing accessory component) and the nature of the mispair (Echols and Goodman, 1991) . Following misinsertion of a nucleotide, the effect on the polymerase reaction can be either noninhibitory, leading to mispair extension (resulting in the fixation of either transition or transversion mutations) or inhibitory, leading to nascent chain termination and primer dissociation. The low mispair extension or dissociation would prevent mutation fixation, because the mispairs would be subject to removal by the external proofreading activity. HIV-1 RT evolved to have certain types of error-prone replication and specific feature of the mutation spectrum. Among the base substitution mutations, 80% are transitions and 20% are transversions (Svarovskaia et al., 2003) . Our previous studies revealed that HIV-1 RT extends purine-pyrimidine transition mispair (e.g. A : C) more efficiently than purine-purine transversion mispairs (e.g. A : G) (Bakhanashvili and Hizi, 1992a, b) . An interesting speculation is that external proofreading activity in the replication apparatus may preferentially correct some of the misincorporated bases to reduce the rates of transversions. The contribution of exonuclease activity to the overall accuracy of the enzyme depends on two competing effects: decreased mispair extension and enhanced excision of the mispair. (i) The importance of the mispair extension efficiency as a fidelity parameter is illustrated by the fact that an increased forward polymerization capacity for transition A : C mispair, as compared to transversion A : G mispair (Figure 3a, lanes  2 and 3) , overcomes the ability of p53 exonuclease activity in cytoplasm to excise nucleotide mispairs under the similar exonuclease to polymerase ratios (Table 1) .
Indeed, HIV-1 RT gains significant benefit from proofreading with A : G mispair (about 15-fold decrease in A : G mispair extension) as compared with A : C mipair (about 2.8-fold decrease), since the enzyme has difficulty extending from this particular mispair. (ii) The low mispair extension capacity implies that enzyme has a substantially higher probability of dissociating from the transversion mispairs. The dissociation of HIV-1 RT from DNA may favor the excision of mismatched nucleotides by an external exonuclease in cytoplasm (e.g. p53). Interestingly, p53-associated exonuclease activity preferentially removes the same base that is less efficiently incorporated and extended by the HIV-1 RT (e.g. A : G) (Bakhanashvili, 2001a, b) . The same relative order obtained during replication in extracts and in reconstituted reaction demonstrates the reproducibility of the observations, thus indicating that this specificity reflects the proofreading potential of human replication apparatus. p53 excises terminal mispaired nucleotides independent of DNA polymerase as well as during the ongoing DNA synthesis. Hence, the proofreading activity of cytoplasmic p53 may limit the transversion mutations, indicating that the mutation spectra might be generated through the actions of RT (DNA polymerase) and cytoplasmic p53 (exonuclease).
The hypervariability of HIV-1 has its basis in the lack of proofreading and repair mechanisms during the replication of the viral genome. Interestingly, the HIV-1 mutation rate in cells is about 15-20-fold lower than the error rates of purified HIV-1 RT with the same target sequence, suggesting that the reverse transcription process in vivo is less error prone than in cell-free studies (Mansky and Temin, 1995) . These discrepancies between two systems may be due to several factors, including the association of viral or cellular accessory protein that can affect the fidelity of reverse transcription in the cytoplasm of infected cells (Mansky, 1997) . The HIV-1 Vpr protein was proven to be an example of viral accessory protein that influences the in vivo mutation rate (Mansky, 1996) . Indeed, mutation of the vpr gene leads to HIV-1 mutation rate that is five-fold lower than the in vitro error rates. It should be noted that the observed decrease (up to 15-fold) in the mispair extension efficiencies of HIV-1 RT in the presence of cytoplasmic p53 (Table 1) coincides with a similar decrease in HIV-1 mutation rate in vivo.
Different functional subclasses of p53 exist within the same cell that may perform various functions according to the nature and intensity of stress signals, the subcellular localization of the protein, the level of p53 expression and its specific biochemical activities (Albrechtsen et al., 1999) . It is remarkable that although p53 displays various activities, not all functions are active simultaneously. Furthermore, p53 shuttles between nucleus and cytoplasm in the cell. It is of interest to understand how to correlate the biochemical properties of p53 with its biological behaviors in cells. The possibility that p53 may enhance the fidelity of HIV-1 RT would present two challenges for p53 in cytoplasm: (i) p53 protein must have an access to reverse transcription complex and (ii) the level of p53 in cytoplasm and p53 in cytoplasm enhances the accuracy of HIV-1 RT M Bakhanashvili et al the ratio of p53 exonuclease/RT polymerase must be high. (i) Reverse transcription can start within the intracellular core, but its disassembly appears to be essential to allow reverse transcription to progress. Indeed, electron microscopic studies showed that HIV cores are disrupted shortly after virus-cell fusion (Nermut and Fassati, 2003) . After the disassembly of the core, reverse transcription would proceed to completion in a large nucleoprotein complex. HIV reverse transcription complex (RTC) derived from acutely infected cells indicates that the composition of the RTC is dynamic over time; the synthesis machinery may be gradually degraded and/or dissociated in the target cells, especially if it stays in the target cells for a long period of time (Zhang et al., 1996) . Notably, the low concentrations of dNTPs in the cytoplasm or other cellular factors may contribute to the fact that it takes a relatively long time to complete full-length viral DNA synthesis. The protein-DNA complexes with a range of sizes and/or shapes are found in the cytoplasm at different times during reverse transcription. Interestingly, HIV-1 replication can be reduced by intracellular expression of single-chain variable antibody fragments against RT and integrase, indicating that these proteins are accessible in the context of an RTC (Shaheen et al., 1996) . Another possible cellular protein that might associate with the HIV-1 replication complex is uracil DNA glycosylase (UNG), a DNA repair enzyme that binds to HIV-1 vpr (Bouhamdan et al., 1996) . UNG specifically removes from DNA the RNA base uracil, misincorporated during DNA synthesis when the dUTP pool is high or by cytosine deamination of dCMP in DNA. Based on these observations and taking into consideration the fact that p53 can interact with different forms of damaged DNA, it is attractive to speculate that p53 might also recognize the damaged RNA/DNA and DNA/DNA substrates and associate with HIV RTC in cytoplasm.
(ii) The polymerase/ exonuclease ratio serves as an important enzymatic 'marker' of polymerase fidelity (Goodman and Fygenson, 1998) . The balance between the polymerase and 3 0 -5 0 exonuclease reactions usually affects the overall accuracy of DNA synthesis. The change in the ratio of polymerase (RT)/exonuclease (p53) may result from a reduction in polymerization efficiency due to mutations in HIV-1 RT or from overexpression of p53 in cytoplasm, or from nuclear-cytoplasmic distribution of p53. The p53 protein is constitutively expressed in cells and in its noninduced state performs exonuclease activity in cytoplasm. Notably, the exonuclease activity does not depend on p53 transactivation activity. It was suggested that this biochemical function of p53 may be subject to stimulation by exogenous stress and exerted by a subclass of p53 after induction. In primary cells, p53 levels were increased by 24 h after HIV-1 infection. The upregulation of p53 protein was well correlated with the levels of apoptosis in CD4 þ T cells. Our results proposes hypothetical pathway of p53 induction and activation. HIV-1 enters the cell, viral RNA is reversetranscribed to dsDNA in cytoplasm and integrated into host genomic DNA in nucleus. The integration induces DNA strand breaks. HIV activates the p53 pathway, leading to cytochrome c and AIF release and activation of intrinsic caspase cascade (Genini et al., 2001) . Hence, in HIV-infected cells probably two stress conditions, reverse transcription process in cytoplasm and integration of proviral DNA within cellular DNA in nucleus, may trigger distinct signaling pathways in controlling p53 nucleo-cytoplasmic translocation, thus contributing to heterogeneity of p53-dependent responses. Apparently, p53 function may be regulated by controlling where the protein is in the cell. It was suggested that, the nongenotoxic stress may include a long-lasting, moderate accumulation of p53. In contrast, acute genotoxic stress may induce rapid and transient accumulation of very high levels of p53. In this regard, it is reasonable to speculate that reverse transcription process may induce moderate accumulation of p53 in cytoplasm, with preferential exhibition of exonuclease activity, while integration process in nucleus may induce rapid accumulation of high levels of p53 with preferential activation of target genes involved in apoptosis. This assumption is consistent with the results reported for the involvement of p53 in DNA repair by BER activity as a function of p53 expression level (Offer et al., 2001) . While expression of low levels of p53 facilitate BER activity, higher levels reduced it and instead induced apoptosis, thus indicated that p53 levels dictate the onset of a specific p53-dependent pathway in the cells. Notably, it was suggested that nuclear export is required for some functions of p53. Hence, it is possible that p53 export to the cytoplasm can enable the protein to serve as exonuclease and further contribute to the fidelity of HIV-1 RT. The identification of the p53 protein in cytoplasm that may enhance RT fidelity suggests that the accuracy of DNA synthesis by the enzyme may respond to alterations in composition of replication complex. Most probably, p53 in cytoplasm might have a transient interaction with replication complex. Therefore, the HIV reverse transcription may be dynamic process with p53 component binding and dissociating the DNA polymerization complex during dsDNA synthesis, thus affecting the polymerase(RT)/exonuclease(p53) ratio. To better understand how p53 proteins orchestrate the cellular response to HIV infection, it may be essential to examine the location and extent of p53 binding to viral nucleic acids and to damaged cellular DNA and the interaction of p53 with other proteins in virus-infected cells.
It was suggested that it is biologically beneficial for the virus to harbor a low-fidelity RT for purposes such as allowing the virus to evade the immune system of the host, as well as drugs aimed against the virus (Mansky and Temin, 1995; Sluis-Cremer et al., 2000) . Hence, a question arises regarding whether the presence of exonuclease activity in cytoplasm is of interest for the virus. The high frequency of misincorporation and mispair extension, in combination with lack of intrinsic 3 0 -5 0 exonuclease activity of HIV-1 RT, increases error rates, thus generating extremely mutagenic viruses and loss of genetic information -'error catastrophe'. Consequently, the decrease in the error rate of HIV-1 p53 in cytoplasm enhances the accuracy of HIV-1 RT M Bakhanashvili et al RT below a critical threshold during DNA synthesis with the proofreading activity provided by p53 may be very important for virus replication to compensate for the lethal phenotype. Furthermore, the exonuclease activity has been implicated in the development of resistance towards chemotherapeutic agents. HIV-1 RT is an important target for antiviral therapy (SluisCremer et al., 2000) . A possible nonviral mechanism to achieve resistance to nucleoside reverse transcriptase inhibitors (NRTIs) would be the removal of nucleoside analog once it has been incorporated at the 3 0 end of the primer by external cellular factor, for example, cytoplasmic p53 (manuscript in preparation). It should be noted that most DNA tumor viruses have evolved their own mechanisms in order to gain advantage to replicate their genome. Hepatitis B viruses involved in the pathogenesis of human hepatocarcinoma encode HBXAg, which binds to p53 and inactivates its transactivation activity (Ueda et al., 1995) . E6 protein from human papillomavirus in cervical carcinoma degrades p53 through ubiquitin-mediated proteolysis (Howley, 1991) . The identification of cytoplasmic protein p53 with the properties of external proofreader raise the possibility that RNA viruses may have evolved different strategies during host-virus interactions.
The observations that p53 in cytoplasm might act as proofreader for HIV-1 RT and for other retroviral enzyme, for example, MLV RT (Lilling et al., 2003) , suggest that p53 may be utilized by various viral polymerases to maintain genomic integrity of viruses, thus expanding the role of p53 as a 'guardian of the genome'.
Materials and methods

Cell lines and culture medium
The MCF-7 and MDA-MB-231 human breast cancer cell lines were grown in DMEM þ 10% fetal calf serum (FCS). The LCC2 cells (subclone derived from MCF-7) were grown in DMEM lacking phenol red þ 10% charcoal-stripped FCS (CSS). All lines were maintained in a humidified 95% air, 5% CO 2 atmosphere.
Subcellular fractionation and Western Blotting
Cells were harvested by trypsin-EDTA, washed by PBS and fractionated as described (Lilling et al., 2003) . Protein concentration from both fractions was determined using the Bradford assay (Bio-Rad Lab. Hercules, CA, USA). Identical protein amounts of both fractions were subjected to PAGE. The p53 protein was detected by the Do-1, anti-p53 monoclonal antibody (mAb) (ascitic fluid diluted in PBST 1 : 300, a generous gift from Professor V Rotter), followed by HRPconjugated goat-anti mouse Ab (Jackson Lab. West Grove, PA, USA). Visualization of the p53 expression was performed by EzECL kit (Biological Industries, Beit Haemek, Israel) according to the protocol. b-Tubulin was detected by antihuman b-tubulin mAb and PCNA by anti-human PCNA mAb (purchased from Zymed Lab. Inc., San-Francisco, CA, USA). Immunoprecipitation for p53 was performed as previously described (Lilling et al., 2003) .
Materials
The HIV-1 RT was the recombinant enzyme expressed in Escherichia coli from BH-10 proviral clone (Hizi et al., 1988) and purified according to Clark et al. (1990) . The specific activity of the enzyme was 4000-5000 U/mg. One unit was defined as the amount of enzyme that catalyses the incorporation of 1 pmol of dTMP into DNA in the poly (rA) n Á oligo(dT) 12-18 -directed reaction in 30 min at 371C. T4 polynucleotide kinase was purchased from MBI (Fermentas).
Template-primers
Two template-primer substrates were used for the analysis of 3 0 -5 0 exonuclease activity of p53 and characterization of interaction of p53 and HIV-1 RT. First, ribosomal RNA (rRNA) (a mixture of 16S and 23S E. coli rRNA) as a native substrate was primed with 16-mer oligonucleotide primer, which hybridizes to the nucleotides at positions 2112-2127 of the 16S rRNA. Four versions of primers were synthesized separately. They were identical except for the 3 0 -terminal nucleotide (N), which is either A, C, G or T. The sequence of these primers is 5 0 -ATTTCACATCTGACTN-3 0 . Second was an (N) 30 synthetic oligonucleotide DNA template identical to nucleotides 2100-2129 of E. coli 16S rRNA (5 0 -AGGCGGTTTGTTAAGTCAGATGTGAAATCC-3 0 ). This DNA was primed with an (N) 16 oligonucleotides, (utilized with rRNA template) that hybridizes to the nucleotides at positions 13-28 of the template DNA. Consequently, by hybridizing the primer oligonucleotides to the rRNA template at position 2112, or DNA template at position 13, the A : A, A : C, A : G mispairs or the A : T correctly paired terminus were produced. The primers were end labeled at the 5 0 -end with T4 polynucleotide kinase and [g-32 P]ATP. Unincorporated radioactivity was removed by using G-25 microspin columns (Pharmacia Biotech.), according to the instructions of the producer. The end-labeled primers were annealed to the template RNA or DNA as described (Bakhanashvili and Hizi, 1992a, b) .
Exonuclease assays
The 3 0 -5 0 exonucleolytic activity was measured as the removal of 3 0 -terminal nucleotides (correct or incorrect) from the 5 0 -g-32 P-end-labeled oligonucleotide, determined by the increase in mobility during gel electrophoresis. The incubation mixture (12.5 ml) contained 50 mM Tris HCl (pH 7.5), 5 mM MgCl 2, 1 mM DTT, 0.1 mg/ml BSA and 5 0 -end labeled various substrates. The reaction was started by the addition of 4 mg of cytoplasmic extract. The variables, including reaction time and amounts of extracts, are given in the legends to the figures. Assays were carried out at 371C. The reaction products were resolved by electrophoresis through a 16% polyacrylamide sequencing gel (PAGE). Exonuclease activity, measured as the reduction in size of labeled oligonucleotides, was detected by autoradiography. The excision products were quantified by densitometric scanning of gel autoradiographs and the percentage of the total amounts of primer excised was calculated.
Exonuclease/polymerase coupled assays
To evaluate the interaction between exonuclease in the cytoplasmic fraction of the cells and HIV-1 RT (1.5 U/ml), the same template-primers used for the exonuclease activity were utilized as substrates. For site-specific nucleotide misinsertion, a correctly paired template-primer substrate was used to analyse the dATP misincorporation opposite the p53 in cytoplasm enhances the accuracy of HIV-1 RT M Bakhanashvili et al G residues at position 10 of the DNA template or at position 2009 of RNA template. For the mispair extension, elongation of the 5 0 end-labeled template-primers was examined in the presence of dATP as the only dNTP present. Proofreading reactions were performed with all four dNTPs at 1 mM. The dNTPs used were of the highest purity available (Pharmacia Biotech.) with no detectable traces of contamination by other dNTPs. The reaction products were analysed by electrophoresis through 16% PAGE as described above. Degradation or extension of the 5 0 -end-labeled primers were detected by autoradiography.
Kinetic analysis of mispair extension
Mispair extension assays involve the determination of kinetic constants for the incorporation of a correct nucleotide, using template-primers with matched or mismatched 3 0 termini. Before measuring the kinetic constants for elongating the primers were measured, a time-course study was carried out for each paired and mispaired terminus to determine the time range during which the products accumulate linearly with time. The V max and K m values were calculated from the double reciprocal linear plots of velocity versus dATP concentrations (Mendelman et al., 1990) . The relative extension frequency (F ext ) is the apparent extension frequency calculated for the wrong terminus divided by the corresponding frequency obtained with the correctly paired terminus:
